ABSTRACT Unknown actuator aging is inevitable in practice. However, reviewing the development of control theory, available results of handling actuator aging are still very limited. In this paper, we address such a problem by considering controlling a class of unknown nonlinear systems. In fact, unknown aging can be denoted as a nonlinear function of variable t with nonlinearly parameterized parameters which cannot be estimated by adaptive approach directly. To solve it, a new adaptive controller and update laws are proposed by linearizing aging function. Unlike the traditional approaches, a new Lyapunov function, including an integral term about estimation error of such parameter, is designed to analyze the stability of the closed-loop system. It is shown that the designed controller can ensure the stability and tracking performance of the closed-loop system. INDEX TERMS Actuator aging, backstepping, adaptive control, nonlinear system, external disturbance.
I. INTRODUCTION
With the development of modern science and technology, the accuracy of control system have become increasingly demanding. Prescribed performance [1] has become one of the most important indexs in controller design. The properties of actuators which seem inevitable in practical system will have a great influence on the performance of the control system. So, more and more studies focus on the common properties of actuators in recent years. Such common properties include sensor nonlinearities [2] , [3] , backlash hysteresis [4] , input saturation [5] , [6] , input and state delays and state constraints [7] - [14] and actuator uncertainties [8] - [15] . They are usually unknown and will reduce the performance of controlled systems if they are ignored. Except these strongly nonlinearities mentioned above, unknown actuator failures [16] - [27] which may lead to instability or even catastrophic accidents are often uncertain in time, value and pattern. Many researchers have studied hard to solve such a problem for failure systems. Fortunately, there are some methods proposed in recent twenty years. An adaptive control approach [20] - [27] to compensate the uncertainties caused by unknown actuator failures is one of the most popular methods and has got extensive attention due
The associate editor coordinating the review of this manuscript and approving it for publication was Ning Sun. to its advantages. For example, it can realize the online estimation of unknown parameters and avoid delays caused by failure detection. Especially it is easy to follow. The transient performance cannot be guaranteed in failure systems under the traditional adaptive control laws. A new adaptive compensation control scheme was proposed in [22] to solve such a problem. A distributed control scheme based on adaptive approaches was designed for decentralized nonlinear systems in [23] . In [24] - [26] adaptive actuator failure compensation control by backstepping technology was proposed for a class of nonlinear systems with hysteretic actuators. The proposed control scheme can compensate the combined uncertainties caused by unknown failures and hysteresis. All the above results assume that any an actuator can change only from normal to failure once. Such assumption has been successfully removed in [27] .
On the other hand, another property of actuators called aging has attracted more attention [28] , [29] . Unknown aging can be denoted as a nonlinear function of variable t. Nussbaum can generally be used to compensate this uncertainty when unknown aging function is regarded as an unknown time varying function. If such aging function includes unknown parameters which cannot be linearly parameterized, Nussbaum cannot be used to handled it. In the text of adaptive control, available results of handling such nonlinearly parameterized parameters are still every limited. In this paper we address this problem by considering controlling a class of unknown nonlinear systems with unknown actuator aging. The nonlinearly parameterized parameters in aging function cannot be estimated by designing adaptive update laws in control scheme. To solve it, we linearize aging function by the mean value theorem. Then the estimation of nonlinearly parameterized parameter is realized directly by adaptive approaches. When unknown external disturbance exists, the adaptive control method can overcome the shortcoming bring by sliding mode control, for example system can be failure to reach preset sliding mode. In addition, unlike the traditional stability analysis, a integral term about the estimation error of nonlinearly parameterized parameter is introduced in Lyapunov function. Thus the bounds of all signals including system states, input signals, the estimations of unknown nonlinearly parameterized parameters and linearized parameters can be guaranteed by the proposed adaptive control scheme.
The main contributions of this paper can be summarized as follows: (I) The control problem is investigated for a class of nonlinear systems with unknown aging and external disturbance. An adaptive control scheme has been proposed by backstepping to compensate the uncertainties caused by aging and disturbance. (II) By linearizing the aging factor δ(t, σ ), an estimator is designed to estimate the constant parameter σ which cannot be estimated directly because it is nonlinear. (III) Unlike the traditional stability analysis, an integral term constructed by the estimation error of nonlinearly parameterized parameter is introduced in Lyapunov function.
The paper is organized as follows: Section II describes unknown aging function and controlled system model. Section III presents the designed adaptive controller and analysis of the closed-loop system. The main result is also given in this section. Simulation results by a nonlinear system is given in Section IV to verify the effectiveness of the proposed control scheme. Finally, the paper is concluded in Section V.
II. MODELS AND PROBLEM STATEMENT
For illustrating our design ideas, the following uncertain nonlinear system is considered.
where x = [x 1 , x 2 , . . . , x n ] T ∈ R n is system state, y ∈ R is output, u ∈ R is input. ϕ 0 ∈ R, ϕ i ∈ R p are known and sufficient smooth functions while θ ∈ R p are unknown constant parameters. d(t) is unknown external disturbance.
Unknown aging of actuators seems inevitable during the operation of systems. Namely, the effectiveness of actuator will be reduced slowly as time goes by. The actuator aging can be denoted as
where u is the output of actuator under unknown aging. δ(t, σ ) is called 'attenuation factor'. σ is an unknown constant parameter. Actuator failure [7] , [8] and [20] - [27] always happens suddenly at any time with unknown type. Before the next failure occurs at time t i+1 , all system parameters are constants. Therefore, we can design update laws to estimate these constant parameters on each time interval (t i , t i+1 ) and achieve the control objectives when unknown actuator failure occurs. Different form actuator failure, aging is a continuous changing process with variable t. In general sense, aging factor δ(t, σ ) is a time varying function. The above compensation control methods for unknown failures cannot be used for aging.
With unknown aging given in (2), the system model can be written as followṡ
Remark 1: Generally, δ(t, σ ) is a function of time variable t with a constant parameter σ . The actuator suffers total loss of effectiveness when δ(t, σ ) equals zero. In this case, system becomes uncontrollable. In addition, we also consider δ(t, σ ) being bounded because it can be seen broken when δ(t, σ ) converges to infinite. Without loss of generality, we let 0 < δ(t, σ ) ≤δ whereδ is an unknown constant.
To design adaptive control scheme, the following Assumptions are made.
Assumption 1: The construction of aging function δ(t, σ ) is known. But there exists an unknown parameter σ which cannot be linearly parameterized in δ(t, σ ). Unknown parameter σ is in a known compact set [ σ , σ ].
Remark 2: The construction of δ(t, σ ) is known which means that the uncertainties of δ(t, σ ) is caused only by unknown parameter σ . Namely, to any known σ 0 function δ(t, σ 0 ) is known. Note that unknown parameter σ cannot be linearly parameterized [28] , [29] . So it cannot be estimated by design update law in adaptive controller directly. This is an important problem which we have to face in the adaptive controller design of nonlinear systems with actuator aging.
Assumption 2: δ(t, σ ) is differential about variable σ and
is continuous function of variable σ . Assumption 3: Reference signal y r (t) and its i-order (i = 1, 2, . . . , n − 1) derivatives are known and bounded.
III. DESIGN AND ANALYSIS OF ADAPTIVE CONTROLLERS
Our control purpose is to design adaptive control scheme to guarantee the stability of closed loop systems with unknown VOLUME 7, 2019 parameters, unknown actuator aging and unknown external disturbance. To carry out the design of control law and adaptive update laws, the following change of coordinates are introduced.
where variable z 1 is tracking error. α i−1 (i = 2, . . . , n) are the virtual control in step i − 1.
A. CONTROL DESIGN
In this subsection, we will perform backstepping technique as [30] , [31] to obtain the following recursive design steps.
Only the first and last steps are elaborated in details as other steps can be followed similarly to [25] .
Step 1: From the change of coordinates shown in (4), the derivative of z 1 can be rewritten aṡ
where α 1 is the virtual control. We define Lyapunov function as follows
where is a positive definite matrix andθ is an estimation of unknown parameters θ ,θ = θ −θ . Virtual control α 1 can be chosen as
where c 1 is a positive constant. From (5), (6) and (7), we can get that the derivative ofV 1 iṡ
where τ 1 is a turning function chosen as
Step i(i = 2, 3, . . . , n − 1): The following Lyapunov function V i is considered as
The virtual control α i and turning function τ i can be chosen as follows
where c i is a positive design parameter. The derivative of V i iṡ
Step n: From (3) and (4), the derivative of z n can be expressed as followṡ
Now we give the control laws and adaptive update laws firstly. Then the stability analysis will be given in details in the bellow subsection.
Control Laws:
whereD is the estimation of unknown constant parameter D which is the unknown upper bound of disturbance d(t).σ is the estimation of unknown constant parameter σ . Update Laws:
where η d , η σ are positive design constant parameters and proj(·) is project function.
Remark 3:
To compensate the uncertainties caused by nonlinearly parameterized unknown constant σ in attenuation factor of aging actuator, a new estimation is designed. Unlike the traditional approaches such as Nussbaum, the proposed adaptive control law can estimate such nonlinearly parameterized unknown constant directly.
B. STABILITY ANALYSIS
The following Lyapunov function is considered.
Note that
With (15), the derivative of z n can be rewritten as followṡ
From Mean Value Theorem, we can get (21) From (17), note that the proj(·) is used in the update law ofσ which can guarantee the bounded ofσ . Namely,
With Assumption 2, we have
Then we can get
where
From (22), we can get
With above analysis, the derivative of V can be rewritten aṡ
With (25), we can geṫ
VOLUME 7, 2019 (28) With (8), we havė
With update laws given in (17)
The derivative of V (30) can be rewritten aṡ
It is clear that M is bounded. Theorem 1: Consider system (1), with unknown actuator aging described by (2) . Under Assumption 1-3, the control law and the update laws in (15)- (17) can guarantee that all signals are bounded. In addition, asymptotic tracking is achieved, i.e.
Proof: From (33), we can geṫ
where is given as follows
To establish the bounds of all signals, we consider the following two cases (1) When
With (18) we can get
We have
, from (37) we have
So for all t > 0, we have 
IV. SIMULATION STUDIES
In this section, we consider the following second-order nonlinear system to illustrate the effectiveness of the proposed control scheme in this paper.
where x 1 , x 2 are system states and φ 0 (x) = sin(x 1 ) + 0.5cos(x 2 ), φ 2 = e −(x 1 +x 2 ) are known smooth functions. The value of unknown parameter θ is taken as 2 in simulation. d(t) denotes external disturbance and we take d(t) = 0.5(sin(t) + cos(x 1 )). u = δ(t, σ )u c is the input signal and δ(t, σ ) is the attenuation factor with unknown parameter σ whose value is 0.02. In simulation the design parameters are chosen as: For a reference signal y r = sin(t), Fig.1 and Fig.2 show the tracking error and input signal u c , respectively. Then when we change the reference signal to y r = log(1.1 + t)(AS the simulation time is finite, the reference signal is bounded), the simulation results are given in Fig.3 and Fig.4 . Clearly, the tracking performance of the system is achieved successfully under these two different reference signals. As we all know, chattering exists in input signals shown in Fig.2 and Fig.4 . The reason is that the control input (15) is discontinuous due to the existing of sign(z n ) which is used to compensate the effect of unknown disturbance.
V. CONCLUSION
An adaptive control scheme is proposed by using backstepping techniques to compensate unknown actuator aging for a class of nonlinear systems. Update laws of aging parameter is designed by linearizing such nonlinearly parameterized parameter. The boundedness of all signals of the VOLUME 7, 2019 closed-loop system can be guaranteed by the proposed control law and corresponding update laws. Simulation studies also verify the effectiveness of the propose adaptive control scheme. A possible future perspective is to investigate the designation of continuous control input to overcome the unknown chattering which will reduce the system performance. 
